Three-dimensional aeroelastic phenomena are numerically simulated for the development of a balloon-based operation vehicle (BOV) proposed by the Japan Aerospace Exploration Agency. The structures of the all-moving tail wing composed of several materials are modeled in detail using a finite element method. The vibration modes obtained from the eigenvalue analysis of the three-dimensional solid model are mapped to two-dimensional iso-parametric shell elements for efficient fluid-structure coupled analysis using unstructured computational fluid dynamics. The methods are validated by the fluttering of the National Aerospace Laboratory wing, which has a similar planform to the BOV tail and is referred to as a standard problem. The shape of the flutter boundary is explained by the characteristic shift of the aerodynamic center. The simulation results show the BOV tail has a sufficient safety margin for flutter along the freefall flight path.
Introduction
Several phenomena observed in microgravity environments have potential applications to various fields of engineering science, biology or medicine. A microgravity environment can be realized for long durations by space platforms and space satellites, or for durations as short as 20 sec or less by aircraft and fall towers. The former has a problem of cost and the latter has problems of duration and residual gravity. The Japan Aerospace Exploration Agency (JAXA) proposed a new method that uses a highaltitude balloon to achieve a microgravity environment for about 1 min at a low cost. The project requires developing a balloon-based operation vehicle (BOV), which is dropped from the balloon after being lifted up to an altitude of about 35 to 40 km. Microgravity experiments are carried out inside the module stored in the vehicle. Figure 1 shows an illustration of the experiment. Figure 2 is a schematic of the vehicle. The vehicle has four fully movable wedge-shaped tails for attitude stability. Small gas jets are also installed in the vehicle to achieve freefall by cancelling the aerodynamic drag force or moments exerted on the body. They are controlled for the experiment module in the vehicle so as not to collide with an outside capsule by measuring the relative positions with a laser displacement sensor. The vehicle finally splashes down after deceleration with a parachute, and is then retrieved.
Furthermore, an extended plan to install a new air-breathing engine (pre-cooled turbojet engine) on the vehicle is also undertaken to conduct an engine operation test under supersonic flight conditions during the descent. Details of this BOV project can be obtained from earlier studies. 1, 2) Structural designs of an aircraft generally require careful investigation of the aeroelastic effects that can cause serious damage to the vehicle. As for the BOV, tail-wing fluttering can occur due to the lack of rigidity at the points of connection to the body, and also due to the rapid increase of static and dynamic pressures during freefall. In past studies, we developed and tested an aeroelastic analysis method of coupling unstructured-grid computational fluid dynamics (CFD) and linear structural analysis to predict two-dimensional (2D) and three-dimensional (3D) plunging-pitching flutter of a simple and homogenous wing. 3, 4) In this study, we extend our technique to analyze the aeroelasticity of the actual shape and structures of the tail wing. The occur-Ó 2012 The Japan Society for Aeronautical and Space Sciences rence of flutter in a wide range of flow conditions is simulated for the successful microgravity experiment using BOV.
Numerical Computation Method

Aerodynamic computation method
A fluid analysis solves the 3D compressible Euler equation with moving boundaries. The unstructured-grid, cellvertex finite volume method is used for CFD. The following expression represents the equation in an integral form.
@ @t
Here, (u, v, w) in the flux vector E n are flow velocity vectors at the control volume interface @ and (u g , v g , w g ) are the velocity components of the moving interface @ with (n x , n y , n z ) being the outward normal vectors of @.
The numerical fluxes at the interfaces @ are computed using Roe's flux difference splitting. Second-order accuracy in space is obtained by the linear reconstruction of the primitive variables with a slope limiter developed by Venkatakrishnan.
5) The time integration is an accurate second-order implicit method using the Matrix-free Gauss Seidel method with Newton iterations for moving boundaries.
3)
Structural computation method
For the structure, the vibration characteristics are numerically obtained by the finite element method (FEM) using a high-fidelity model of the wing. The equation of motion of an elastic body formulated using the FEM is given as follows:
where q is the node displacement, M is the mass matrix, K is the stiffness matrix, and f is an external force vector at the structural FEM node given by aerodynamic forces. Structural damping is not considered in this study. Eigenvalue analysis is then performed in order to use the modal method in fluidstructure coupled simulations. We validated the flutter code in advance by simulating the experiment of the NAL wing, 6) which is widely referred to as a standard problem. The wing is modeled as only 2D shells with properties of the local thickness and material constants, since it is a thin board and made up of a homogeneous material. We used eight-node isoparametric shell elements that have additional nodes on the middle of each edge of the rectangular element. Displacement q j in the three dimensions is defined at each node, and displacement r at an arbitrary position on a curvilinear coordinate system (, ) inside the elements is given by the following equation:
where j and Lð jÞ are the local index in the element and the global index of the structural FEM nodes, respectively. N j (j ¼ 1; :::; 8) is the shape function described below,
where the nodes from j ¼ 1 to 4 locate at the corner of the rectangle and the others locate at the middle of each edge. Equation (6) is a system of differential equations for all degrees of freedom of the structure, which is actually determined from Eqs. (7) and (8) . The dynamic responses of the structure are approximated by the modal method, since natural vibration modes of a few of the lowest frequencies are generally predominant in the flutter. The displacement is expressed by the superposition of those modes in the following formula,
where i ðtÞ and X i are the i-th modal coordinate and the mode vector, respectively, and the modes up to m are taken into account. By utilizing the normalization condition and the orthogonal condition of X i with respect to M, which is expressed as X T i MX j ¼ ij with ij being a Kronecker's delta, Eq. (6) reduces to the following independent m-differential equation,
where ! i is the natural frequency of the i-th mode. The Crank-Nicolson method is used for time integration. It requires the aerodynamic force at the next time step, f nþ1 , which is obtained by extrapolation from the current value f n and the previous value f nÀ1 as in Miyaji et al. and Machida and Miyaji. 3, 4) The 3D solid elements are necessary for the FEM analysis of the BOV tail, as will be described later in Section 3. In this study, a general structural analysis software, ANSYS, is used to generate finite element models, and to obtain the eigenvalues and eigenvectors. Then, the eigenvectors (mode shapes) are mapped onto 2D shell elements, which will be also elaborated in Section 3. The deformations are expressed by the superposition of the displacements of 2D shells, and so the same technique as a thin wing is used. Note only natural frequencies and the mode shapes are necessary in the modal analysis. 2.3. Fluid-structure coupling method 2.3.1. Unstructured grid deformation using a mocktruss technique It is necessary to deform CFD grids to analyze the flow field around an oscillating object. We used the deforming grid method of a mock truss, which is applicable to general unstructured grids. Grid points on a wing surface are firstly displaced according to structural Eqs. (9) and (10) at each time step, and then the other internal grid points are redistributed smoothly from equilibrium conditions by regarding the grid lines as a truss. The spring constant of each edge is given with respect to the edge length and the angle between two planes in the tetrahedron cell connected by the edge, as proposed by Murayama et al. 7) The quality of the computational grid is maintained even with large deformations of the wing. Static equilibrium conditions of each grid point constitute a large system of linear equations, which is quite time consuming to be solved at each time step. One of the nonstationary iterative methods, the residual cutting method, 8) is used for fast convergence. As a result, greatly improved efficiency in computing time is achieved as compared to a simple Jacobi iterative method.
4)
Interpolation of physical quantity between fluid
and structure A special technique is necessary to exchange flow information and the structural displacement between the CFD grids and the structural nodes because the two types of grids do not generally coincide. Specifically, the pressure at the CFD grid points on the wing surface determines structural load, while the displacements on the structural nodes determine the displacement of the CFD grids. In both ways, shape functions of the shell elements of Eq. (8) are utilized. The local coordinates (, ) of the CFD grid points in the quadrilateral elements of the structural mesh are computed and stored in advance.
In the fluid-structure interaction, a loose coupling method is used. Fluid equations and structural equations are solved and advanced in time alternately, as elaborated in the following. The aerodynamic force vector F j at CFD grid point j on the wing is first computed as F j ¼ p j S j , where p j is the pressure at the point and S j is an inward-normal surfacearea vector with its magnitude equal to the control volume surface around the node j. The magnitude of F j is then distributed to the surrounding eight nodes of the FEM element after being multiplied by the values of the shape functions at the local coordinate (, ) of the point. The force f at a structural node is finally obtained by the summation of contributions from all the CFD grid points in the element. The displacement of the structural nodes at the next time step is computed with f , and then the displacements of the CFD surface grids are simply determined from the nodal displacements of the structure using Eq. (7). In our coupled simulations, the size of time stepping is about 1/2000 of the cycle of the second mode of natural vibration, which is sufficiently small as determined from previous studies. 3, 4, 9) 
Vibration Characteristics of a BOV Tail Wing
The BOV tail developed is an ''all-moving'' wing with a wedge-shaped aerofoil and 10.5% thickness. It has a chord length of 0.6858 [m] at the root, a span of 0.510 [m] , and a sweptback angle of 39.9 degrees. It is a structure made up of internal urethane foam compressed into carbon fiber-reinforced plastics (CFRP) boards, and it is connected to the BOV body by a flange (material A7075) and spindle (material SCM440), around which the entire wing rotates by the actuator. In the FEM analysis, it is difficult to use 2D shell elements to model the physical properties of the BOV tail and the joint with the spindle. Therefore, we constructed a solid 3D structural model of the wing as shown in Fig. 3 . We first discretized the internal urethane foam and a spindle with the 3D 20-node solid elements, and then stuck 2D shells with the physical properties of CFRP on the surface of the urethane. The CFRP is mounted on this wing as isotropic layers since each CFRP layer is lapped in different directions to eliminate the anisotropic property of the material. Only the spindle tip is completely fixed as a constraint condition.
Next, eigenvalue analysis is performed. The natural frequencies obtained are shown in Table 1 , and the corresponding natural vibration modes are shown in Fig. 4 . The first and second natural vibration modes look like bending and torsion modes, although only small deformations of the wing surface are observed and the displacement is mainly due to rigid-body-like rotations around the spindle. On the other hand, the third and fourth natural vibration modes are qualitatively different in the shape from the NAL wing, 6) which has a similar planform to the BOV tail but is a cantilevered thin-board wing made of homogeneous material.
Flutter of the BOV tail wing is calculated by a modal method using the natural frequencies and vibration modes obtained above, but it is not efficient for calculating displacements in this 3D solid model for each time step in the coupled simulations. Observation of the mode shapes shows the deformations are nearly constant along the direction of the wing thickness, hence we assume the displacements can be represented by the central surface of the tail. With the approximation, it is possible to analyze flutter using a technique of a thin board. In the case of BOV, the entire tail surface is remodeled with 2D shell elements and the displacements of the mode shapes are obtained from the central surface (mid-plane) of the 3D solid model. The 2D shell elements no longer have attributes such as material constant and board thickness, but have information about mode displacements up to the fourth mode at each node.
All eigenvalue analyses have been performed with the solid element model, and the shell-element model can be thought of as a 2D interpolation function to transform displacements to fluid simulation, where the displacement of the CFD surface grid points at an arbitrary position in the shell elements is obtained as explained in Section 2.3. We believe this technique is appropriate since global vibrations of the entire wing are dominant in the flutter rather than the local vibrations of each material.
BOV Flutter Simulation
Specific flight conditions of the BOV
The scheduled flight sequence of the BOV is shown in Fig. 1 . The vehicle is lifted to an altitude of about 35 km by a special balloon for this purpose. Then, it is separated from the balloon and a microgravity experiment is conducted during the freefall. The atmospheric conditions during descent are explained below.
A high-altitude atmospheric model to determine a flight plan for the BOV has been provided by JAXA. It is based on the International Civil Aviation Organization (ICAO) Time histories of the altitude, Mach number and static pressure from the drop-off from the balloon are calculated by the above model (11) along with the following freefall equations,
where U 1 is velocity, t is time, g ¼ 9:80665 [m/s 2 ] is the gravitational acceleration and h 0 ¼ 35 [km] is the initial altitude. Then, 1 and p 1 are obtained at each time by substituting h in Eq. (11). The Mach number M 1 is calculated using the speed of sound a 1 at the altitude. The time histories of h, p 1 , and M 1 are shown in Fig. 5 .
The Mach number exceeds M 1 ¼ 1:2 in 40 sec and reaches M 1 ¼ 2:0 in 60 sec. In contrast with a usual rocket launch, the Mach number increases as the altitude decreases for the BOV, resulting in a rapid increase in both static pressure and dynamic pressure.
Characteristics of BOV tail flutter 4.2.1. Flutter boundaries
As a guide to the BOV structural design, flutter characteristics of the tail wing are acquired over a wide range of Mach numbers, from M 1 ¼ 0:6 to 2.0. The structural model and the main flow conditions explained in the preceding paragraph are used to determine the non-dimensional speed index V Ã , which is defined as follows, 
where b is a semi-span length at 75% wing span, ! 2 is the second lowest frequency in natural vibration mode, and is the mass ratio of wing to air. Simulations are carried out for about five cases of V Ã at each specified Mach number. Judging the stability of the wing response from the time histories of vibrations of the wing for a given Mach number and V Ã , the flutter boundary is obtained as shown in Fig. 6 . The speed index calculated along the freefall trajectory of the BOV is also shown and denoted as V Ã f here. The V Ã on the flutter boundary is much higher than V Ã f and flutter is not likely to occur for all Mach numbers. In general, adopting an all-moving wing raises the speed index of the flutter boundary since the danger of control-surface flutter is eliminated at the cost of increased torque of the actuator to rotate the wing. The BOV tail is designed with a sufficient safety margin for the assumed freefall conditions. The same tail wing will be used for the future plan of mounting a precooled turbojet engine and conducting an engine operation test. A pull-up maneuver at a relatively low altitude will be necessary for the flight, but it is expected that the tail wing will not have aeroelastic problems under more severe condition.
Consideration of 2D classical flutter theory-
comparison with NAL wing The features of the flutter boundary in Fig. 6 are discussed in detail. The shape of the BOV boundary in the M 1 {V Ã plane indicates that the flutter speed reaches a minimum around M 1 ¼ 1:2. The curve does not show any dip in the high subsonic speed range and the minimum at M 1 ¼ 1:2 is recognized as a transonic dip. The flutter boundary of a NAL wing with a similar planform to the BOV tail is also shown in the graph. The result shows a distinct transonic dip around M 1 ¼ 0:95, and it agrees well with the experiment 6) or another simulation using a structured-grid CFD.
9) The difference in the wing shape (airfoil) or the constraint conditions of the root section causes the difference. The BOV tail has a double-wedged airfoil for supersonic speeds. The observations of the unsteady flow under flutter motion at a transonic condition of M 1 ¼ 0:95 show distinct differences between the two airfoils. For the BOV tail, the flow expands rapidly at the top of the wedge around 60% chord. The expansion is strong enough to accelerate the flow high above sonic speed, and then the terminal shockwave is attached to the trailing edge even if the deformation grows to some extent. On the other hand, the shockwave moves back and forth on the upper surface of the NAL wing under flutter at M 1 ¼ 0:95.
The different features of the flows due to the airfoil are further considered by employing a classical flutter theory. The flutter speed U F estimated in the two dimensions and with two degrees of freedom of plunging and pitching in incompressible flows will help for qualitative discussions. The empirical equation of Theodorsen-Garrick 10) is expressed by Eq. (14) for a thin wing with a large mass ratio , and a small ratio of natural frequencies of plunge to pitch
where e þ x reflects the distances between the aerodynamic center (distance e ahead of the elastic axis) and the center of gravity (distance x behind the elastic axis), S is the wing area, K / ! 2 is the rigidity of twist and @C L =@ is the lift slope. Equation (14) shows that the flutter speed decreases as the center of gravity moves rearward or as the aerodynamic center relatively moves forward. To focus on this point, steady flow solutions at a given angle of attack of 4 degrees are computed at several Mach numbers. The angle of attack is smaller than the semi-apex angle of 5 degrees at the leading edge of the wedge-shaped BOV tail. The pressure contours and graphs near the wing tip are shown in Figs. 7 and 8 , respectively.
Figures 7(a) and (b) are the results for the NAL wing. In Fig. 7(a) , the condition of M 1 ¼ 0:95 corresponds to the bottom of the transonic dip. A shockwave is generated on the upper surface and lift is lost behind the shockwave due to little pressure difference between the upper and lower surfaces. The aerodynamic center (A.C) is located at the foremost part near the leading edge among Figs. 7 and 8 . At a supersonic speed of M 1 ¼ 1:5 in Fig. 7(b) , the pressure profile on the upper surface becomes rather flat since a shockwave is generated in front of the leading edge. The aerodynamic center moves rearward considerably. The shift brings about a rise in flutter speed according to Eq. (14), or an increase in the stable zone in Fig. 6 . For the BOV tail, flows expand rapidly for all Mach numbers behind the top of the wedge located at the 60% chord station. As a result, the pressure distributions in Figs. 8(a)-(d) , from high subsonic to supersonic speeds, are different from those of the NAL wing. Shockwaves appear just behind the top of the wedge at a high subsonic speed of M 1 ¼ 0:8. As the Mach number increases, they move downstream to almost reach the trailing edge at M 1 ¼ 0:95. This shows a marked contrast to the NAL wing, for which the shockwave exists only on the upper surface near the leading edge. The movement of the shockwave between Figs. 8(a) and (b) does not have a remarkable effect on the position of the aerodynamic center because a large portion of the lift force of the BOV tail is carried by the forepart of the wing as the pressure distribution indicates. At a supersonic speed of M 1 ¼ 1:2, the pressure profile is qualitatively similar to the case of M 1 ¼ 0:95, but a strongly compressed region on the lower surface due to the detached shockwave in front of the wing moves the aerodynamic center upstream. At a higher supersonic speed of M 1 ¼ 1:5, the front shockwave attaches to the leading edge. A distinct suction peak on the upper surface disappears, and the profile at the forepart is rather flat like shown in Fig. 7(b) . The lift force is generated by a strongly compressed flow on the lower surface. The pressure distribution moves the aerodynamic center rearward. work to reduce the flutter speed, resulting in the minimum value in the speed index of Fig. 6 . At M 1 ¼ 1:5, both variations work to increase the flutter speed, which is also consistent with the trend of flutter boundary. Equation (14) was originally developed under the assumption of low-speed flow, and it is not able to explain all of the causes of transonic dip by the aerodynamic center and lift slope. But it has been shown that the variations of both parameters are useful as indices of the steady flow-field influence on flutter characteristics. It is further pointed out that the first and second natural vibration modes in Fig. 4 respectively correspond to the bending and torsion modes for the NAL wing. The structural similarities in the natural vibration modes support the consideration that the aerodynamic character is a principal cause of the characteristic shape in the flutter boundary of the BOV tail. 4.2.3. Effect of the flow change by the fuselage on flutter Flutter characteristics are investigated at M 1 ¼ 0:9 and 1.5 for the whole vehicle geometry. The aim is to examine the influence of the flow change by the realistic geometry on the response of the wing. A rigid rotation mode of the BOV is not considered; namely, the fuselage is fixed regardless of the elastic motions of the tail wing. Figure 9 shows CFD grids for the whole vehicle, where the light gray surface and grid lines around the tail wing are the domain of the grid deformation. The specified domain is wide enough so that the grid outside the domain moves little even taken into account for the deformations. Limiting the domain considerably saves computation time.
Pressure distributions of initial steady-state solutions at 0 angle of attack for M 1 ¼ 0:9 and 1.5 are shown in Figs. 10(a) and (b) , respectively. Shockwaves are located on the body surface behind the shoulder at M 1 ¼ 0:9, while shockwaves are generated from the top of the nose and the leading edge of the tail wing at M 1 ¼ 1:5. In both cases, the shockwave near the shoulder or nose does not interact with the flow around the tail wing. The pressure distributions at the tip of the tail wing are shown in Figs. 11(a) and (b) in order to see the quantitative differences between the BOV whole configuration and the tail-only geometry.
Comparing the pressure, a major difference is seen at M 1 ¼ 0:9. The shockwave reaches close to the trailing edge for the BOV configuration, while shockwaves are at about 85% chord location for the tail-only geometry. As observed in Figs. 8(a)-(d) , shockwaves begin to appear over the wing behind the top of the wedge around M 1 ¼ 0:8, and they move downstream to attach to the trailing edge as the Mach number increases. The position of shockwaves for the BOV configuration seems close to the case of M 1 ¼ 0:95 for the tail-only geometry. The difference in the position of the shockwave in Fig. 11(a) is attributed to the flow expansion at the base flow of the BOV whole configuration. For a supersonic case of M 1 ¼ 1:5, the pressure difference is small near the trailing edge since the base flow does not affect the upstream during supersonic flows. The pressure near the leading edge is slightly lower for the BOV configuration due to the 3D effect. Specifically, the flow near the root chord is deflected along the cylindrical surface and the compression becomes weak.
With these initial flow fields, flutter simulations are carried out. The time histories of the first vibration mode after an initially forced oscillation are shown in Figs. 12(a) and (b) for each Mach number. The speed index of V Ã ¼ 0:608 is set for M 1 ¼ 0:9, which is slightly above the flutter boundary for the tail-only geometry in Fig. 6 , and then the amplitude diverges as shown in Fig. 12(a) . The results of the BOV whole configuration for the same conditions shows a gradual decrease in the amplitude, indicating that the flutter speed rises for the geometry. The shockwave located over the wing for the tail-only geometry at M 1 ¼ 0:9 is thought to be the cause of the unstable response. Similarly, the time history of the first vibration mode at M 1 ¼ 1:5 and V Ã ¼ 0:786 is shown in Fig. 12(b) , where apparent instability is observed for the tail-only case. The increase in amplitude is rather gentle in the BOV whole configuration under the same conditions, and we see the tendency of increased stability in the supersonic case as well. Figure 13 again shows the flutter boundaries with the results of the BOV configuration added to Fig. 6 . Flutter speeds rise by about 5 to 10% of V Ã under the simulated conditions. Enough flutter safety margin shows we can neglect the rigid rotational mode of the BOV for the cases tested in this paper.
Conclusion
Numerical analyses of BOV tail-wing flutter were carried out for a wide range of flow conditions, resulting in a successful microgravity experiment. The main results of the study are summarized as follows.
We efficiently combined an unstructured CFD method and FEM structural analysis. We first accurately modeled the wing structure and constraint conditions in the FEM to obtain natural vibration modes. The mode shapes at mid-plane in the wing-thickness direction were mapped to 2D shell elements based on the observation that the deformations in the mode shapes were rather uniform in the wing-thickness direction. These measures enabled flutter simulation at the same cost as a thin wing.
The speed indices at the flutter boundary were determined from numerical computations and compared with the values estimated along the freefall trajectory. The structural design of the BOV has been proven to have a sufficient safety margin and flutter does not likely occur in the flight experiment.
The flutter motions of the BOV tail wing were similar to a well-known bending-torsion flutter, in which the first and second vibration modes were dominant. The characteristic result of the BOV tail wing was that a transonic dip in the flutter boundary curve was recognized at a higher Mach number of 1.2 and no dip appeared in high subsonic speed range. We considered this feature from the viewpoint of movement of the aerodynamic center and the change in lift slope, which was predicted by the classical theory of Theodorsen-Garrick.
We also analyzed tail-wing flutter for the whole vehicle geometry of the BOV. It was found that the flutter speed rose for the whole BOV at both M 1 ¼ 0:9 and 1.5, thus the possibility of flutter occurrence was reduced even further. 
